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METHOD AND SYSTEM FOR
DETERMINING A CLIMB PROFILE

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This disclosure was made with government support under
Contract No. DTFAWA-15-A-80013 awarded by the United
States Federal Aviation Administration. The Government
has certain rights 1n this disclosure.

BACKGROUND

A tlight management system (FMS) 1s a computer-based
system on-board an aircrait that performs a number of
in-thght tasks, including in-tflight management of a flight
plan. FMSs have been 1n use for many vyears, and the
programming techniques used by FMSs heretofore are
designed for the computing capabilities of prior generations
of computerized systems. For example, prior FMSs still 1n
service today typically make assumptions regarding many of
the complex and varied parameters regarding a tlight path,
including but not limited to fixed (1.e., constant) values for
aspects regarding the aircraft and its performance charac-
teristics and a constant value for aircraft operations during a
climb portion of flight.

BRIEF DESCRIPTION

In one aspect, the present disclosure relates to a method
of determining a climb profile for an aircraft, the method
including recerving, by a controller module, an 1mnitial climb
profile defining a portion of a flight plan for the aircraft
between takeoll and a cruise profile, and an altitude climb
constraint defining at least one altitude limitation of the
aircraft, determining, by the controller module, that the
initial climb profile does not satisty the altitude climb
constraint, selecting, by the controller module, a deviation
point of the mitial climb profile prior to the altitude climb
constraint, repeatedly calculating, by the controller module,
a set of subsequent climb models starting from the deviation
point based on successive aircraft energy levels, determining
an updated climb profile based on the set of subsequent
climb models, determining the updated climb profile satis-
fies the altitude climb constraint, and operating the aircrait
in accordance with the updated climb profile.

In another aspect, the present disclosure relates to A
system for determining a climb profile, the system including
memory storing an initial climb profile defining a portion of
a flight plan between takeofl and a cruise phase, and an
altitude climb constraint defining at least one altitude limi-
tation of the aircraft, and a controller module configured to
receive the mitial climb profile and the altitude climb
constraint, to determining that the initial climb profile does
not satisty the altitude climb constraint, to select a deviation
point of the mitial climb profile prior to the altitude climb
constraint, to repeatedly calculate a set of subsequent climb
models starting from the deviation point based on successive
aircraft energy levels, to determine an updated climb profile
based on the set of subsequent climb models, to determine
the updated climb profile satisfies the altitude climb con-
straint, and to operate the aircrait in accordance with the
updated climb profile.

In yet another aspect, the present disclosure relates to a
method of predicting a climb profile for an aircrait, the
method including receiving, by a controller module, an
initial climb profile defining a portion of a flight plan for the
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aircralt between a first altitude and a second altitude, and an
altitude climb constraint defining at least one altitude limi-
tation of the aircraft, predicting, by the controller module,
that the mitial climb profile does not satisty the altitude
climb constraint, selecting, by the controller module, a
deviation point of the mitial climb profile prior to the altitude
climb constraint, repeatedly calculating, by the controller
module, a set of subsequent climb models starting from the
deviation point based on successive aircrait energy levels,
determining an updated climb profile based on the set of
subsequent climb models, determining the updated climb
profile satisfies the altitude climb constraint, and operating
the aircraft in accordance with the updated climb profile.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings:

FIG. 1 illustrates a flight profile of an aircraft, in accor-
dance with various aspects described herein.

FIG. 2 1llustrates a schematic view of an aircrait system
for operating a flight profile such as 1n FIG. 1, 1n accordance
with various aspects described herein.

FIG. 3 illustrates a climb profile of the flight profile of
FIG. 1, in accordance with various aspects described herein.

FIG. 4 illustrates a zoomed view of a portion of the climb
profile of FIG. 3, in accordance with various aspects
described herein.

FIG. 5 1llustrates another zoomed view of a portion of the
climb profile, 1n accordance with various aspects described
herein.

FIG. 6 illustrates a flow chart diagram demonstrating a
method of determining the climb profile of FIG. 3, m
accordance with various aspects described herein.

FIG. 7 1llustrates another flow chart diagram demonstrat-
ing a method of determining the climb profile of FIG. 3, 1n
accordance with various aspects described herein.

DETAILED DESCRIPTION

Aspects of the disclosure can be implemented in any
environment, apparatus, or method for determining or esti-
mating a climb profile with a system regardless of the
function performed by the ascending device. For example, a
climb profile can be utilized by air-based vehicles, such as
aircraft vehicles (e.g. fixed wing or rotor-based, such as a
helicopter), or water-based vehicles, such as submergible
vehicles.

While “a set of”” various elements will be described, 1t will
be understood that “a set” can include any number of the
respective elements, including only one element. Also as
used herein, while sensors can be described as “sensing’™ or
“measuring’ a respective value, sensing or measuring can
include determining a value indicative of or related to the
respective value, rather than directly sensing or measuring
the value 1tself. The sensed or measured values can further
be provided to additional components. For instance, the
value can be provided to a controller module or processor,
and the controller module or processor can perform process-
ing on the value to determine a representative value or an
clectrical characteristic representative of said value.

All directional references (e.g. upper, lower, upward,
downward, higher, lower, back, forward, above, below,
vertical, horizontal, etc.) are only used for identification
purposes to aid the reader’s understanding of the disclosure,
and do not create limitations, particularly as to the position,
orientation, relative position of, or use thereof, unless oth-
erwise stated. Connection references (e.g., attached,
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coupled, connected, and joined) are to be construed broadly
and can include intermediate members between a collection
of elements and relative movement between elements unless
otherwise indicated. As such, connection references do not
necessarily infer that two elements are directly connected
and 1n fixed relation to each other. In non-limiting examples,
connections or disconnections can be selectively configured
to provide, enable, disable, or the like, an electrical connec-
tion between respective elements. The exemplary drawings
are for purposes of illustration only and the dimensions,
positions, order and relative sizes reflected 1in the drawings
attached hereto can vary.

As used herein, a “system” can include a *“‘controller
module” having at least one processor and memory. Non-
limiting examples of the memory can include Random
Access Memory (RAM), Read-Only Memory (ROM), tlash
memory, or one or more different types of portable elec-
tronic memory, such as discs, DVDs, CD-ROMs, efc., or any
suitable combination of these types of memory. The proces-
sor can be configured to run any suitable programs or
executable instructions designed to carry out various meth-
ods, functionality, processing tasks, calculations, or the like,
to enable or achieve the technical operations or operations
described herein. The program can include a computer
program product that can include machine-readable media
for carrying or having machine-executable instructions or
data structures stored thereon. Such machine-readable media
can be any available media, which can be accessed by a
general purpose or special purpose computer or other
machine with a processor. Generally, such a computer
program can include routines, programs, objects, compo-
nents, data structures, algorithms, etc., that have the tech-
nical eflect of performing particular tasks or implement
particular abstract data types.

In non-limiting examples, systems, controller modules,
and the like can receive data or information. This receiving
can 1nclude data transmissions, data supply, or any other
providing of the information 1n a previous calculation, event,
etc. In further non-limiting examples, a system or controller
module can receive data or information from a previous task
or determination completed by the same system or controller
module, or another system or controller module.

The present disclosure relates to determining guidance
instructions, such as a flight profile, that can include non-
linear programming. As used herein, the term “nonlinear
programming’ 1s the process of solving an optimization
problem defined by a system of equalities and inequalities,
collectively termed “constraints,” over a set of unknown real
variables, along with an objective function to be maximized
or minimized, where some of the constraints or the objective
function are nonlinear. It 1s the sub-field of mathematical
optimization that deals with problems that are not linear. The
tlight profile can further include a subset of profiles, such as
an ascent or climb profile, a cruise profile, or a descent
profile. The flight profile can include, or define, a flight path
determined, estimated, or predicted by applying the deter-
mined control to the equations of motion given assumed
initial operating states and environment conditions. In some
aspects, the present disclosure particularly relates to a sys-
tem and process to reduce costs parameters for a climb phase
or portion of a tlight path using determinations, computa-
tions, calculations, estimations, predictions, or nonlinear
programming. As used herein the term “determining” refers
to a determination of the system or method of an outcome or
result that has occurred or 1s occurring (e.g. a “current” or
“present” outcome or result), and contrasts with the term
“prediction,” which refers to a forward-looking determina-
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4

tion or estimation that makes the outcome or result known
in advance of actual performance of the occurrence.

In some aspects, nonlinear programming techniques may
be leveraged to more accurately and etliciently define a tlight
path climb profile and generate an optimal control trajectory.
In some aspects, nonlinear programming may be used to
solve a guidance optimization problem (e.g., minimizing
fuel consumption, reducing flight time, satistying schedul-
ing constraints, etc.) that 1s defined by a system of con-
straints over a set of unknown real variables. The use of
nonlinear programming techniques and current computing
capabilities 1n combination can provide a mechanism to
address and generate a solution for the complicated nonlin-
car problem(s) of gumidance optimization. As used herein, the
term aircrait, airplane, or plane may include commercial
aircraft as addressed in Title 14 of the Code of Federal
Regulations part 25 (14 CFR part 25) containing rules for
Airworthiness Standards: Transport Category Airplanes,
drones, and other aerial vehicles.

Referring to FI1G. 1, illustrated 1n graph format 1s a flight
profile 10, such as a flight path for an aircrait (shown
schematically as dotted box 20 flying along the flight profile
10). As shown, the tlight profile 10 generally includes three
phases or portions, mncluding a climb profile 12 or ascent
profile, a cruise profile 14, and a descent profile 16. The
graph 1n FIG. 1 shows the general relationship between the
altitude (vertical axis) and the range of an aircrait 20
(horizontal axis). Aspects of the disclosure can include
determining, estimating, or predicting an eflicient climb
profile 12 when the climb profile or ascending portion of the
tflight 1s limited by one or more altitude-based constraints. As
used herein, an “eflicient” climb profile 12 can include, but
1s not limited to, a climb profile 12 and that reduces or
minimizes a cost value of the climb profile 12, such as fuel
consumption, ascent time, rescheduling costs, or the like.
Additional *“costs” can be included when determining the
cilicient climb profile 12, or the efliciency of the climb
profile 12.

FIG. 2 illustrates a system 30 for determining the climb
profile 12 of FIG. 1 including determining the climb profile
12 while the aircrait 1s flying along the flight profile 10. As
shown, the system 30 can include a controller module 32
having a processor 34 and communicatively connected with
memory 36. Non-limiting aspects of the system 30 can
further include a set of input devices 38, a communication
device, a set of output devices 46, and a flight profile
database 42 having or storing flight path data 44. Non-
limiting examples of the flight path data 44 can include
calculated profile data for the thght profile 10, or portions
thereof. In another non-limiting example, the tlight profile
database 42 or tlight path data 44 can include a set of flight
path data 44, such as previously determined data or tlight
profiles 10, or temporarily computed data or flight profiles
10. In this instance, present or temporary flight path data 44
can be compared with previously determined flight path data
44. In another non-limiting aspect of the disclosure, the
flight path data 44 can include parametric data related to the
flight path or fhight profile, or a subportion thereof. Fo
instance, the flight path data 44 can include waypoint data,
approach data, or a respective set of performance charac-
teristic “point” data, wherein a set of “points” can define a
determined, estimated, or predicted position, airspeed, alti-
tude, heading, 1ift, drag, thrust, or additional data based on
characteristics such as altitude or weight, or the like, for a
series or sequence of points along the flight path. In another
non-limiting example, the set of performance characteristic
“point” data can further define additional characteristics of
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the aircrait 20, including but not limited to deterioration
parameters (e.g. reflecting aircrait performance characteris-
tic changes related to the age of the aircraft, or components
thereot), or personalization parameters (e.g. retlecting dii-
ferent configurations or components of a particular aircraft >
20, such as engines, within a fleet of aircrait). In this sense,
the flight path data 44 or flight profile can include a series or
sequence of 1individual or discrete “points” or “models.”
In one example, the set of input devices 38 can be adapted
to provide or supply aircraft data to the controller module 32
and can i1nclude, but are not limited to, sensors, detectors,
additional systems, or the like. The aircraft data can be
adapted or related to aspects of the aircrait 20, present or
predicted tlight, and utilized for establishing, determining,
estimating, or predicting aspects related to the tlight path
data 44. In this sense, the aircraft data can be utilized to
inform or update current, estimated, or future flight path data

44.

In another example, the set of output devices 46 can be 2¢
adapted to receive data or communications of the system 30,
such as a flight management system (FMS), an autopilot
system, an autoflight system, an autoland system, or the like.

In yet another non-limiting example, aspects of the system

30 can be included as a portion of the FMS, or another 25
aircrait 20 or avionics system. In only non-limiting example,
the system 30 can provide aspects of the flight profile
database 42 or tlight path data 44 to another receiving
device. Non-limiting aspects of the communication device
40 can include any systems, transmitters, receivers, signal 30
generators, or other mechamisms configured to enable com-
munication between the system 30 and another device or
system. For example, the communication device 40 can be
adapted for transmission and receiving communications
with ground-based systems, airport command and control 35
systems, weather systems, or satellite-based systems, other
aircraft, or the like. In this sense, the system 30 can utilize
the communication device 40 to receive additional aircraft
data or commumnications adapted or related to aspects of the
aircrait’s 20 present or predicted flight path data 44, or can 40
communicate aspects of the flight path data 44 to another
device, system, or the like. Thus, the communication device

40 can act or perform as an mput device (similar to the set

of input devices 38), and output device (similar to the set of
output devices 46), or a combination thereof. As used herein, 45
the communication device 40 can be adapted to handle
digital or data transmissions (e.g. uploads or downloads) as
well as analog or non-data transmissions (e.g. voice radio,
etc.).

Additional non-limiting aspects of the system 30 can be 50
included wherein at least one of the system 30 or the
controller module 32 1s communicatively connected with a
database of altitude constraint data 48, such as altitude climb
constraint data, and a database of cost profile data 50. As
used herein, “altitude constraint data” 48 can include data 55
related to the altitude constraints 1mposed, required,
requested, or suggested during a climb profile 12 of the
aircrait 20. In one non-limiting example, altitude constraint
data 48 can include waypoints relative to the departure
location, such as an airport, and can include restrictions 60
relative to an altitude value or values at a particular location.
Particular locations can include a specific limited area (e.g.
limited by vectors or radial areas in specific facing direc-
tions, or geographic boundaries), or a general space defined
by a radial or horizontal distance from the departure loca- 65
tion. In one non-limiting example, the altitude constraint
data 48 can be predefined by way of a set of standard
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waypoint data, and stored, kept, or maintained by an acces-
sible database, the respective departure location, or the like.

Additionally, altitude constraint data 48 can define difler-
ent thresholds or limits, such as altitude thresholds or
altitude limits at each respective constraint. For instance, a
first constraint can limit a maximum altitude at a waypoint
(e.g. the aircraft 20 must pass the waypoint at an altitude
“at-or-below” the constraint), a mimimum altitude at a way-
pomnt (e.g. the aircrait 20 must pass the waypoint at an
altitude “at-or-above™ the constraint), or a windowed alti-
tude at a waypoint (e.g. the aircrait 20 must pass the
waypolint at an altitude “at-or-between” a minimum and
maximum constraints). An aircraft 20 passing the respective
altitude constraint defined by the altitude constraint data 48
in accordance with the constraint (e.g. passing at an altitude
at-or-below, at-or-above, or at-or-between, respectively) will
be understood to “satisiy” the altitude constraint.

The cost profile data 50 can include data or values
associated with operating, flying, maintaining, or otherwise
utilizing the aircrait 20. The cost profile data 50 can be
adapted to supply or provide cost or value data to the
controller module 32. For example, the cost profile data 50
can 1nclude data related to fuel costs or value, fuel burn rates
based on thrust, values associated with scheduling (e.g.
passenger scheduling costs, or crew scheduling costs), and
the like. In one non-limiting example, the cost profiled data
50 can be determined, calculated, updated, or predicted
based on, for example, the set of performance characteristic
data, weather system or weather data, of the flight path data
44.

While the altitude constraint data 48 and the cost profile
data 50 are shown remote from the system 30, non-limiting
aspects of the system 30 can be included wherein, for
example, the altitude constraint data 48 and the cost profile
data 50 are included 1n the system 30. For instance, at least
a portion of the altitude constraint data 48 or the cost profile
data 50 can be duplicated, copied, or stored in the memory
36 of the system 30. In another 1nstance, at least a portion of
the altitude constraint data 48 or the cost profile data 50 can
be received by the system 30 or memory 36 by way of a
transmission provided to the communication device 40.
Additionally, while the set of mput devices 38, communi-
cation device 40, and the set of output devices 46 are
illustrated as a portion of the system 30, non-limiting aspects
of the disclosure can be included wherein the set of mput
devices 38, communication device 40, the set of output
devices 46, or a subset thereot, are located remotely from the
system 30 and communicatively connected with the system
30.

FIG. 3 1illustrates an exemplary plot graph that can form
the climb profile 12 of FIG. 1 and a set of altitude constraints
66 aflecting the climb profile 12. FIG. 3 includes a limited
portion of the beginning of the cruise profile 14, for under-
standing of the initial climb. The climb profile 12 can
include an initial climb trajectory 64 of an aircraft 20
ascending from a departure location, such as an airport,
located at point 60. In one non-limiting example, the climb
profile 12 can include additional information related to the
ascent or climb of the aircraft 20 and not captured by the
climb trajectory 64. For example, aspects of the climb
profile 12 can include cost analysis, weather interactions,
timing considerations, or the like, while the climb trajectory
64 can be limited to, for instance, airspeed, heading, throttle
controls, or aircrait-specific characteristics. The mitial climb
trajectory 64 can include at least a portion of the flight plan
for the aircraft between takeofl from the airport at 60 and a
cruise altitude 62 or cruise portion of the flight plan. In the
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illustrated example, the mitial climb trajectory 64 can be
determined, predicted, or calculated based on an optimal
ascent without regard to the set of altitude constraints 66.

The set of altitude constraints 66 are represented as
triangular indicators spaced relative to a distance from the
airport 60. The set of altitude constraints 66 include a set of
windowed altitude constraints 68 (1.e. an altitude range
defined between respective minimum and maximum con-
straints), maximum altitude constraints 70 (i.e. at-or-below
constraint), and minimum altitude constraints 72 (i.e. at-or-
above constraint). As schematically represented, the set of
altitude constraints 66 can define a representative “limit” of
the respective constraint(s) 66, such as defined by a upper or
lower tip or apex of the illustrated triangle. From the
illustration, the nitial climb trajectory 64 will not satisty the
set of altitude constraints 66 since 1t climbs to an altitude
above at least a first maximum altitude constraint 82. Thus,
an updated climb profile or updated climb trajectory depart-
ing from the unconstrained optimal ascent 1s needed.

An updated climb trajectory 74 for the climb profile 12 1s
illustrated comprising a subset of discrete points or “mod-
els” 76 along the updated climb trajectory 74. The set of
models 76 can include respective performance characteris-
tics of the aircrait 20 at respective points 1n the updated
climb profile 12 or the updated climb trajectory 74. While
discrete points are described, the set of models 76 can
include a continuous trajectory 74 or range, and are not
limited to specific and separated “points.” In this sense, the
updated climb trajectory 74 can be a continuous, contiguous,
or uninterrupted trajectory 74 comprising one or more
models 76.

Aspects of the disclosure can be included wherein the
system 30 described with respect to FIG. 3 can be configured
to determine, generate, calculate, or otherwise define the
updated climb profile 12 or the updated climb trajectory 74.
Defining the updated climb profile 12 or the updated climb
trajectory 74 can occur during a flight, prior to mitiating the
climb profile 12 of the aircraft 20, or during a climb profile
12 (e.g. re-determining or re-generating the updated climb
profile 12 or climb trajectory 74 based on the upcoming set
of altitude constraints 66). In another non-limiting example,
aspects of the system 30 can estimate or predict a future
climb profile 12 or updated climb trajectory 74 prior to a
flight occurring, or well in advance of the operating the
aircraft 20 (e.g. hours, days, weeks, etc.). In another non-
limiting example, the system 30 can be configured to share
or distribute the determiming, generating, calculating, or
otherwise defining the climb profile 12 or the updated climb
trajectory 74 between disparate or remotely located systems
(e.g. shared between a ground-based computer and the FMS
of a flying aircrait 20).

The system 30 can operably determine, predict, or esti-
mate the updated climb profile 12 or the updated climb
trajectory 74 by starting with the closet, most proximate, or
first altitude constraint 66 that the aircraft 20 will reach. In
the illustrated example, the first altitude constraint 82 1s a
windowed altitude constraint 68. As shown, the 1nitial climb
trajectory 64 would not satisiy the first altitude constraint 82
as the altitude would exceed the maximum altitude allow-
able. Thus, the system 30 or the controller module 32 can
determine, for example, based on aircraft data received from
the set of 1nput devices 38, communications received by the
communication device 40, the flight plan data 44, or a
combination thereot, that a comparison of the mitial climb
trajectory 64 with the first altitude constraint 82 would not
satisty the first altitude constraint 82. Thus, the system 30 or
controller module 32 would determine, estimate, predict, or
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otherwise select a deviation, or a point of deviation from the
initial climb trajectory 64 (a “deviation point™) in order to
satisly the first altitude constraint 82. In one non-limiting
instance, the deviation point can be prior to reaching the
respective altitude constraint 66, 68, 82. For example, the
tlight path during departure phase 1s based on maximum or
minimum flight path angle until the altitude-distance con-
straint 1s satisfied. Then from constrained point, the flight
path returns to the unconstrained optimal flight path by
iterative optimization at each energy level. As used herein,
“prior to reaching’” the respective altitude constraint 66, 68,
82 can include prior to passing the horizontal distance where
the constraint 66, 68, 82 1s located, passing the altitude
defined by the altitude constraint, or a combination thereof.

Once a deviation point 1s selected by the system 30 or the
controller module 32 1s configured to determine, calculate,
verily, or otherwise validate that the updated claim trajectory
74, deviating from the mitial climb trajectory 64 at the
deviation point, satisfies the set of altitude constraints 66.
The system 30 or controller module 32 can operably repeat-
edly calculate a set of subsequent models 76, subsequent to
the deviation point, and starting from the deviation point,
wherein the set of subsequent models 76 define performance
characteristics of the aircraft 20 at the respective positions.
The calculating of the set of subsequent models 76 can solve
for determined, estimated, or predicted state variables or
performance characteristics for the aircraft 20 at the respec-
tive model 76. In one non-limiting example, the state
variables or performance characteristics for the aircraft 20
can include, but are not limited to: the airspeed, thrust
control, altitude, change 1n trajectory, fuel reserves, fuel
consumption (e.g. fuel burn rate), or the like. The system 30
determines, accumulates, or builds the updated climb profile
12 or the updated climb trajectory 74 based on the set of
subsequent models 76, and compares, confirms, or validates
the updated climb profile 12 satisfies the upcoming altitude
constraint.

In another non-limiting example, the system 30 can also
solve for the one or more aircrait 20 performance charac-
teristics by first calculating a threshold value, such as an
aircrait state threshold at each respective model 76. One
example of an aircrait state threshold value that can be
calculated at each respective model 76 can be an aircrait
energy value, that 1s, the total or summation of an actual, an
estimated, a predicted, or an arbitrary amount of potential
and kinetic energy of the aircraft 20 at the respective model
76. In another example, by knowing or having previously
calculated the preceding model 76, the subsequent calculat-
ing ol a subsequent model 76 can be at least partially based
on, for instance, an actual, an estimated, a predicted, or a
determined set of performance characteristics of the imme-
diately preceding model 76. With regards to the aircraft
energy value, the calculating of the model 76 can be at least
partially based on, for instance, an actual, an estimated, a
predicted, or a determined altitude of the aircraft 20 at the
respective model 76 (e.g. values that will be related to the
potential energy of the aircraft 20), a tlight path angle (e.g.
an aircrait 20 pitch) at the respective model 76, a vertical
airspeed at the respective model 76, or a determined airspeed
or thrust control of the aircratt 20 at the respective model 76
(e.g. values that will be related to the kinetic energy of the
aircraft 20). The subsequent calculating can further be based
on additional state information of the aircrait 20 or envi-
ronment, such as data received by the set of input devices 38
or communication device 40, and including but not limited
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to atmospheric information, flight path constraints, vehicle
constraints, airport trailic, convective weather models, or the
like.

In yet another example, the subsequent calculating for the
set of models 76 can also be based on cost values or cost
parameters defined by the cost profile database 350. For
instance, the system 30 can solve for aircraft 20 performance
characteristics, such as airspeed or variable thrust parameter
controls, based on minimizing costs or values defined by the
cost profile database 50 and specific each subsequent model
76. As used herein, “thrust parameter controls,” “thrust
parameter values,” or the like, refer to settings, inputs,
control system responses, or the like enable or configured to
adjust a thrust or thrust output for an aircraft 20 or aircrait
engine. In one non-limiting example, thrust parameter val-
ues can include engine control settings or parameters, fuel
consumption settings or parameters, or the like. In another
non-limiting example, thrust parameter values can include a
combination of settings or parameters enabling or determin-
ing the thrust or thrust output.

In addition to calculating the set of subsequent models 76
based on the preceding models 76, the system 30 or the
controller module 32 can be further configured to calculate
subsequent models 76 based not only on satistying the
current altitude constraint (e.g. the first altitude constraint
82), but also another subsequent constraint such as a second
altitude constraint 84, following the first altitude constraint
84. As shown, the second altitude constraint 1s a windowed
altitude constraint 68 having a maximum altitude approxi-
mately matching the maximum altitude of the first altitude
constraint 82. Aspects of the system 30 or the controller
module 32 can further calculate the set of models 76 prior to
the first altitude constraint 82, or between the first and
second altitude constraints 84, based on the upcoming
altitude constraints 66.

In this example, the system 30 or the controller module 32
can calculate, determine, or predict that subsequent models
76 may not include subsequently larger or higher aircrait
energy levels when there 1s not expected increase 1n altitude
due to an upcoming altitude constraint 84. In one non-
limiting aspect, the system 30 can hold the altitude or
potential energy of the aircrait 20 at a set value between the
first and second altitude constraints 82, 84, and solve for the
performance characteristics of the set of subsequent models
76. In another non-limiting example, the system 30 can
determine or predict that the most effective updated climb
profile 12 or climb trajectory 74 (e.g. most ethicient, mini-
mized cost, etc.) between the first and second altitude
constraints 82, 84 can include holding the aircraft 20 at the
maximum altitude satisiying the altitude constraints 82, 84
at a constant airspeed.

In another example, a subsequent altitude constraint 66,
such as a third altitude constraint 86 can define a maximum
altitude, followed by a fourth altitude constraint 88 defining
a minimum altitude. In this example, the system 30 or the
controller module will again need to deviate from the
updated climb profile 12 or updated climb trajectory 74 in
order to satisfy the fourth altitude constraint 88. Thus,
similar with respect to the deviating from the mitial climb
profile 64, the system 30 can determine, calculate, or predict
that the current climb profile 12 or current climb trajectory
74 will not satisiy the fourth altitude constraint 88, and can
select, estimate, or predict a deviation point from which to
deviate from the current climb profile 12.

The system 30 then proceeds to repeatedly calculate a set
ol subsequent models 76, starting with the deviation point.
In this example, the system will determine the aircraft needs
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to climb higher to reach the fourth altitude constraint 88, so
the system 30 can calculate, determine, or predict that
subsequent models 76 include subsequently larger or higher
aircrait energy levels due to the increase i altitude (e.g.
increased potential energy) and do to a possible 1increase 1n
airspeed (e.g. increased kinetic energy, for example due to
increasing a thrust profile to climb). In one non-limiting
example, the system 30 can set a value or limit for reaching
a maximum trajectory angle while climbing, a maximum
thrust setting, or a combination thereof, when solving for the
aircraft 20 performance characteristics of the set of subse-
quent models 76. The system 30 or controller module 32 can
then determine, accumulate, or buld the updated climb
profile 12 or the updated climb trajectory 74 based on the set
of subsequent models 76, and compares, confirms, or vali-
dates the updated climb profile 12 satisfies the upcoming
altitude constraint 88. The system 30 can further repeat this
process in updating the climb profile 12 and the climb
trajectory 74 to level off between the fourth altitude con-
straint 88 and an upcoming fifth altitude constraint 78.

The process of determining the current climb profile 12
does not satisty an upcoming altitude constraint 66, select-
ing a deviation point, repeatedly calculating the set of
subsequent models 76, and determining an updated climb
profile to satisly the upcoming altitude constraint 66 can
continue and repeat for each upcoming and unsatisfied
altitude constraint 66 until no further altitude constraints
exists 1 the subsequent climb profile 12, or until the aircratt
20 reaches the cruising altitude 62 or cruise profile 14. In one
non-limiting 1nstance, the cruising altitude 62 can be defined
as the final altitude constraint (e.g. a mimimum altitude
constraint 72).

For comparison, FIG. 3 illustrates an example conven-
tional climb trajectory 90, shown 1n dotted line, demonstrat-
ing a climb profile generated by conventional systems. As
shown, deviations from the set of altitude constraints 66 are
slow, resulting 1n, for example, missing or not satisiying the
fourth altitude constraint 88, and producing a less eflicient
overall conventional climb trajectory 90. The less eflicient
conventional climb trajectory 90 can have increased costs, as
defined by the cost profile data 50, compared with aspects of

the disclosure. In one non-limiting example, the updated
climb trajectory 74 was able to reduce the amount of climb
phase fuel burned by 1.3 percent. The view of FIG. 3
showing the conventional climb trajectory 90 compared with
the updated climb trajectory 74 1s merely illustrative of the
difference between the trajectories 74, 90. Actual deviations
between the respective trajectories 74, 90 can vary, and are
not limiting as shown.

FIG. 4 illustrates a zoomed portion of the updated climb
trajectory 74 of FIG. 3. The illustration demonstrates that a
deviation point 80 can be selected, estimated, or predicted
prior to the passing of the upcoming altitude constraint 66,
shown as the fifth altitude constraint 78. In this sense, the
deviating from the climb trajectory 74 can utilize a steeper
climb angle once passed the altitude constraint 78, allowing
for a more rapid climb trajectory 74 response when passing
the altitude constraint 78. Stated another way, by selecting
and mitiating a deviation at a deviation point 80 prior to the
altitude constraint 78, the updated climb trajectory 74 and
climb faster, or more aggressively after passing the maxi-
mum altitude constraint 78, compared with the conventional
climb trajectory 90. In the example of a minimum altitude
constraint 70, by selecting a deviation point 80 prior to the
passing ol the upcoming altitude constraint 70, the updated
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climb trajectory 74 can level out faster, more smoothly, or,
for instance, with reduced costs, compared with the conven-
tional climb trajectory 90.

Non-limiting aspects of the disclosure can further be
included wherein the system 30 further determines or pre-
dicts whether the updated climb profile 12 or updated climb

trajectory 74 satisiies the respective altitude constraint 66 or
set of altitude constraints 66 within a tolerance threshold. In
one example, the tolerance threshold can 1include a proxim-
ity threshold, for example defining that the updated climb
profile 12 or updated climb trajectory 74 satisfies the respec-
tive altitude constraint 66 within a set horizontal distance
(e.g. within 1 kilometer), or a horizontal distance range (e.g.
between 1 kilometer and 2 kilometers) relative to the altitude
constraint 66. In another example, the tolerance threshold or
proximity threshold can define that the updated climb profile
12 or updated climb trajectory 74 satisfies the respective
altitude constraint 66 within a set altitude value (e.g. within
50 meters), or an altitude range (e.g. between 10 and 350
meters) relative to the limits of the altitude constraint 66. In
yet another example, the tolerance threshold can include an
aircraft state threshold, as previous described, and can define
that the updated climb profile 12 or updated climb trajectory
74 satisfies the respective altitude constraint 66 within
another performance characteristic of the aircraft, or a
combination of performance characteristics (e.g. climbing
past a maximum altitude constraint 70 at maximum thrust or
at a maximum trajectory, or leveling off the trajectory, or a
mimmum trajectory angle, within 100 horizontal meters and
10 meters of altitude of a minimum altitude constraint 72).
In another non-limiting example, the tolerance threshold can
include a range of acceptable values, for example, a plus or
minus {Ive percent tolerance. In the non-limiting example of
the aircraft state thresholds, the tolerance threshold can
include a tolerance value of plus or minus one angular
degree.

The system 30 can further provide the determined or
predicted climb profile 12 to another system by way of the
set of output devices 46 or the communication device 40,
such as an electronic flight bag, autothight, autopilot, or
autoland system, such that the aircraft 20 can be flow 1n
accordance with the determined or predicted climb profile
12. In another non-limiting example, the system 30, or
another system connected with the system 30, can generate,
provide, or otherwise determine instructions for a pilot to
tollow 1n accordance with the determined or predicted climb
profile 12.

While the deviation point 80 of FIG. 4 1s shown to occur
at the fifth altitude constraint 78, non-limiting examples of
deviations points 80 relative to one or more altitude con-
straints 66 can occur prior to, at, or aiter reaching the
respective constraint 66. For instance, FIG. 5 illustrates
another non-limiting example of the operation of the system
30. In this 1llustrated example, the aircrait 20 operating 1n
accordance with a current climb profile 164 (shown 1n dotted
line) that will not satisty, or climb higher than, an upcoming
mimmum altitude constraint 72 can operably select a devia-
tion point 180 prior to the upcoming minimum altitude
constraint 72. In selecting the deviation point 180 prior to
the upcoming altitude constraint 72, the system 30 can adjust
or select an increased climb trajectory or set of models 176
(compared with the current climb profile 164), and deter-
mine or predict whether the updated climb profile or updated
climb trajectory satisfies the minimum altitude constraint 72.
In one example, 1f the updated climb profile still does not
reach an altitude satisfying the minimum altitude constraint
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72, the system 30 can select a new deviation point 180 even
further from the upcoming altitude constraint 72 and recal-
culate.

FIG. 6 1llustrates a first flowchart demonstrating a method
100 of determining the climb profile 12, as described. The
method 100 can start at the beginning of the climb (such as
at takeoll from the airport), or the method 100 can restart
based on an upcoming altitude constraint 66, at 102. The
method 100 then proceeds to move the calculation step, for
example based on an aircraft energy step, at 104. Then, for
the current calculation of a climb profile model 76, deter-
mine the state variables for the aircraft at the current model
76, at 108. In one non-limiting example, step 108 can
include determining the 1nitial climb profile 64, as described
herein. Next, the method 100 determines 1f the upcoming
altitude constraint 1s an at-or-below altitude constraint (e.g.
a maximum altitude constraint 70) or an at-or-above altitude
constraint (e.g. a minimum altitude constraint 72), at 110. If
the upcoming altitude constraint 1s a maximum altitude
constraint 70, the method 100 proceeds to step 112.

At step 112, the method 100 determines 11 the altitude at
the current model 76 (e.g. calculated in 108) 1s not greater
than the maximum altitude constraint 70, the method 100
returns to step 104 and continues stepping to the subsequent
climb profile model 76. I the method 100 determines if the
altitude at the current model 76 1s greater than the maximum
altitude constraint 70 at 112, the method 100 continues to
step 114. At step 114, the method 100 determines 1f previ-
ously computed distance (e.g. calculated 1n 108) 1s greater
than the maximum altitude constraint 70 distance (e.g. no
deviation or climb profile 12 response 1s needed yet), the
current or updated method 100 currently meets the altitude
constraint 70, and the method returns to step 104. IT the
method 100 determines if previously computed distance 1s
not greater than the maximum altitude constraint 70 distance
at 114, the method 100 continues to step 116. In step 116, the
method 100 selects a deviation point 80 and repeatedly
calculates the set of subsequent climb profile models 76 and
determines the updated climb profile 12 based on the set of
subsequent models 76, as described.

The method 100 then determines if the updated climb
proflle 12 meets the maximum altitude constraint 70 and
also satistying the threshold or tolerance threshold, as
described, at 118. As previously described, the threshold or
tolerance thresholds can include, but are not limited to,
altitude thresholds, aircraft state thresholds, proximity
thresholds, tolerance thresholds, or a combination thereof. If
the updated climb profile 12 meets the maximum altitude
constraint 70 and also satisiying the tolerance threshold, the
method 100 returns to step 104. With the return to step 104,
the method 100 can update or recalculate the aircraft energy
levels based on updated information, updated data, or
updated performance characteristics of the aircraft 20. For
example, 1 the aircrait 20 does not expect to climb or has not
climbed to a higher altitude (e.g. the aircrait 20 1s at the
maximum altitude constraint 70) since the previous energy
step 104, the previous energy levels or performance char-
acteristics calculated or determined 1n step 108 can be
accurate. Alternatively, if for example, the aircrait 20 has
increased airspeed due to increased thrust controls since the
previous energy step 104, the previous energy levels or
performance characteristics calculated or determined 1n step
108 can be accurate. In yet another example, altitude and
speed values can be held constant for calculation or deter-
mination purposes.

Knowing the accurate or updated airspeed, altitude, tra-
jectory, and the like, the method 100 can utilize parametric
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equations to solve for aspects such as the thrust controls and
mimmizing the cost of operating the aircraft 20 utilizing the
cost profile data 50, 1n the repeated calculating step at 116.
In one non-limiting example, the calculated performance
characteristics or aircraft state values include an increased or
increasing amount of aircraft energy values (e.g. by way of
altitude climbing or airspeed change), new values can be
determined. The amount of energy added can be a set value,
an arbitrary value, or the like. In one example, the method
100 can add 350 Kilojoules of energy, such as specific energy
(e.g. energy divided by mass) when stepping upward to the
next model. In another example, the amount of energy added
can correspond to an expected or predetermined altitude
step, such as 500 feet of altitude between the prior model and
the next model. The added aircrait energy can be divided
between a faster airspeed of the aircrait 20 at the subsequent
model 68 (compared with the preceding 68, e.g. added
kinetic energy), a higher altitude of the aircraft 20 at the
subsequent model 68 (compared with the preceding model
68, c¢.g. added potential energy), or a combination thereof.

Knowing the airspeed, altitude, trajectory, and the like,
the method 100 can utilize parametric equations to solve for
the thrust controls at the subsequent, minimizing the cost of
operating the aircrait 20 while determining the climb profile
12. Next the method 100 can step upward to the next model,
for example, and add an amount ol energy to the total
aircrait energy levels, and continue to repeatedly calculate
the subsequent set of models 68 and corresponding perior-
mance characteristics until meeting or reaching the altitude
constraint 70. Alternatively, the change in aircrait energy
levels can occur, as described, during the repeated calculat-
ing in step 116.

If the updated climb profile 12 does not meet the maxi-
mum altitude constraint 70 or does not satisiying the toler-
ance threshold at 118, the method 100 proceeds to find or
select a new deviation point 80 where the updated climb
profile 12 meets the maximum altitude constraint 70, and for
instance, levels the aircraft trajectory from that deviation
point onward until reaching the maximum altitude constraint
70, and 120. Then the method 100 the resets the state
variable to the values at the maximum altitude constraint 70
at 122, and returns to the start of the method at 102.

If the upcoming altitude constraint 1s a minimum altitude
constraint 72 1n step 110, the method 100 proceeds to step
124. In step 124, the method 100 determines 1f the current
climb profile model 76 passes the minimum altitude con-
straint 72 distance (e.g. 1s the aircraft 20 horizontally beyond
the minimum altitude constraint 72). If the aircrait 20 1s not
horizontally beyond the minimum altitude constraint 72, the
method 100 returns to step 104. If the aircrait 20 1s hori-
zontally beyond the minimum altitude constraint 72, the
method 100 continues to determine 1f the current climb
profile model 76 altitude 1s greater than the minimum
altitude constramt 72, at 126. If the current climb profile
model 76 altitude i1s greater than the minimum altitude
constraint 72, then the method 100 returns to step 104. It the
current climb profile model 76 altitude 1s not greater than the
minimum altitude constraint 72, the method 100 selects a
deviation point 80 and repeatedly calculates the set of
subsequent climb profile models 76 and determines the
updated climb profile 12 based on the set of subsequent
models 76, as described.

Next the method 100 determines if the updated climb
profile 12 meets the minimum altitude constraint 72 and
satisiies the tolerance threshold, at 130. If the updated climb
profile 12 meets the minimum altitude constraint 72 and
satisfies the tolerance threshold, the method 100 returns to
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step 104. If the updated climb profile 12 does not meet the
minimum altitude constraint 72 and satisfies the tolerance
threshold, the method continues to iteratively adjust the
deviation point 80 from the current climb profile trajectory
74, such that a newly calculated updated climb profile 12
will meet the minimum altitude constraint 72 and satisty the
tolerance, at 132. In one non-limiting example, the updated
climb profile 12 can include climbing at a maximum flight
path angle (e.g. by meeting, exceeding, or satistying a
tolerance threshold related to the flight path angle). Then the
method 100 resets the state variable to the values at the
maximum altitude constraint 70 at 122, and returns to the
start of the method at 102.

As described above, with the return to step 104, the
method 100 can update or recalculate the aircrait energy
levels based on updated information, updated data, or
updated performance characteristics of the aircraft 20. For
example, 1f the aircrait 20 has climbed or expects to climb
to a higher altitude at the next energy step of 104, or has
increased thrust or airspeed since the previous energy step
104, the previous energy levels or performance character-
istics calculated or determined 1n step 108 can be inaccurate.

Knowing the accurate or updated airspeed, altitude, tra-
jectory, and the like, the method 100 can utilize parametric
equations to solve for aspects such as the thrust controls and
minimizing the cost of operating the aircrait 20 utilizing the
cost profile data 50, 1n the repeated calculating step at 128.
In one non-limiting example, 1f the aircraft 20 1s climbing or
expects to climb, or increase airspeed, the method can go to
the next energy step i 104, and calculate performance
characteristics or aircrait state values using an increased
amount of aircrait energy values. The amount of energy
added can be a set value, an arbitrary value, or the like. In
one example, the method 100 can add 50 Kilojoules of
energy, such as specific energy (e.g. energy divided by mass)
when stepping upward to the next model. In another
example, the amount of energy added can correspond to an
expected or predetermined altitude step, such as 500 feet of
altitude between the prior model and the next model. The
added aircrait energy can be divided between a faster
airspeed of the aircraft 20 at the subsequent model 68
(compared with the preceding 68, e.g. added kinetic energy),
a higher altitude of the aircrait 20 at the subsequent model
68 (compared with the preceding model 68, e.g. added
potential energy), or a combination thereof. Knowing the
airspeed, altitude, trajectory, and the like, the method 100
can utilize parametric equations to solve for the thrust
controls at the subsequent, minmimizing the cost of operating
the aircraft 20 while determining the climb profile 12. Next
the method 100 can step upward to the next model, for
example, and add an amount of energy to the total aircrait
energy levels, and continue to repeatedly calculate the
subsequent set of models 68 and corresponding performance
characteristics until meeting or reaching the altitude con-
straint 70. Alternatively, the change 1n aircraft energy levels
can occur, as described, during the repeated calculating 1n
step 128.

While FIG. 6 1s described as 1llustrating the determining,
the climb profile 12, non-limiting aspects of the discloser
can be included wherein the method 100 and description of
FIG. 6 1s applied to a method of predicting the descent
profile 12, as described.

FIG. 7 illustrates a second flowchart demonstrating
another method 200 of determining the climb profile 12, as
described. The method 200 starts by receiving, by the
controller module 32, an 1nitial climb trajectory 64 or climb
profile (or a previously determined climb trajectory 74 or
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climb profile 12) defining a portion of a flight plan 10 for the
aircrait 20 between takeoil and a cruise profile 14, and an
altitude climb constraint 66 defining at least one altitude
limitation of the aircraft 20, at 210. The method 200 then
determines, by the controller module 32, that the iitial
climb trajectory 64 or climb profile does not satisty the
altitude constraint 66, at 220. The method 200 continues to
select, by the controller module 32, a deviation point 80 of
the mitial climb trajectory 64 or climb profile prior to the
altitude constraint, at 230.

Next the method 200 repeatedly calculates, by the con-
troller module 32, a set of subsequent climb profile models
76 starting from the deviation point 80, for example, based
on successive aircrait energy levels, at 240. The method 200
then determines an updated climb profile 12 or updated
climb trajectory 74 based on the set of subsequent climb
profiles 76, at 250. The method 200 continues to determine
whether the updated climb profile 12 satisfies the altitude
constraint 66 at 260, and 1f so, operates the aircrait in
accordance with the updated climb profile 12 or updated
climb trajectory 74.

While FIG. 7 1s described as illustrating the determining,
the climb profile 12, non-limiting aspects of the discloser
can be mcluded wherein the method 200 and description of
FIG. 7 1s applied to a method of predicting the climb profile
12, as described.

The sequences depicted 1n methods 100 and 200 are for
illustrative purposes only and 1s not meant to limit the
methods 100, 200 1n any way as 1t 1s understood that the
portions of the method can proceed 1n a different logical
order, additional or intervening portions can be included, or
described portions of the method can be divided into mul-
tiple portions, or described portions of the method can be
omitted without detracting from the described method.
Many other possible aspects and configurations in addition
to that shown 1n the above figures are contemplated by the
present disclosure. For instance, while aspects of the dis-
closure are described relative to a climb from takeoil, the
disclosure can be applicable to any climb 1n altitude subject
to constraints from a first altitude to a second altitude, higher
than the first altitude.

The aspects disclosed herein provide method and system
for determining or predicting a climb profile. The method
can 1nclude, but not limited to, flying according to uncon-
strained climb profile (also called singular arc profile), and
departing from singular arc by maximum or minimum flight
path angle to satisly an altitude-distance constraint that
would be otherwise violated (e.g. no satisiied) by the uncon-
straint optimal climb profile (singular arc). Once the method
statisfies the altitude-distance constraint, the method can
resume optimizing the climb Hamiltonian cost function to
return to the singular arc. It repeats the same process for all
the altitude-distance constrains that are not met by the climb
profile until 1t reaches to cruise altitude.

The technical eflect 1s that the above described aspects
cnable the determining, predicting, or otherwise generation
of a climb profile to be flown by an aircrait. One advantage
that can be realized 1n the above aspects 1s that the above
described aspects reduce flight operation costs during the
climb phase of the aircraft. Aircrait departure procedures are
typically constrained by the set of altitude constraints to
separate and monitor air traflic at or about a departure
location. The set of altitude constraints can result in higher
costs or larger or higher amounts of fuel burned, compared
with an unconstrained climb profile. Aspects of the disclo-
sure can increase the efliciency or reduce the costs of the
atrcraft climb profile while meeting or satisiying the set of
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constraimnts. The costs can be measured 1n time, scheduling,
fuel consumption, or other aspects captured by the cost
profile data.

To the extent not already described, the different features
and structures of the various aspects can be used 1n combi-
nation with each other as desired. That one feature cannot be
illustrated 1n all of the aspects 1s not meant to be construed
that 1t cannot be, but 1s done for brevity of description. Thus,
the various features of the different aspects can be mixed and
matched as desired to form new aspects, whether or not the
new aspects are expressly described. Combinations or per-
mutations of features described herein are covered by this
disclosure.

This written description uses examples to disclose aspects
of the disclosure, including the best mode, and also to enable
any person skilled in the art to practice aspects of the
disclosure, including making and using any devices or
systems and performing any incorporated methods. The
patentable scope of the disclosure 1s defined by the claims,
and can include other examples that occur to those skilled 1n
the art. Such other examples are intended to be within the
scope of the claims 1 they have structural elements that do
not differ from the literal language of the claims, or 1f they
include equivalent structural elements with insubstantial
differences from the literal languages of the claims.

What 1s claimed 1s:

1. A method of determining a climb profile for an aircraft,
the method comprising:

recerving, by a controller module, an 1mitial climb profile

defining a portion of a flight plan for the aircraft
between takeofl and a cruise profile, and an altitude
climb constraint defining at least one altitude limitation
of the aircraft;

determining, by the controller module, that the initial

climb profile does not satisty the altitude climb con-
straint:

selecting, by the controller module, a deviation point of

the mitial climb profile prior to the altitude climb
constraint;

repeatedly calculating, by the controller module, a set of

subsequent climb models, wherein each subsequent
climb model of the set of subsequent climb models
starts from the deviation point and 1s based on succes-
sive atrcraft energy levels, wherein the set of subse-
quent models define different performance characteris-
tics of the aircratt;

determining an updated climb profile based on the set of

subsequent climb models;

determining the updated climb profile satisfies the altitude

climb constraint; and

operating the aircraft in accordance with the updated

climb profile.

2. The method of claim 1 wherein the altitude climb
constraint further includes a location dimension, and
wherein determining the updated climb profile satisfies the
altitude climb constraint further comprises determining
when the updated climb profile satisfies the altitude climb
constraint within a tolerance threshold.

3. The method of claim 2 wherein the altitude climb
constraint 1s a minimum altitude climb constraint and
wherein the tolerance threshold 1s a minimal trajectory angle
relative to horizon when passing the location dimension of
the altitude climb constraint.

4. The method of claim 2 wherein the altitude climb
constraint 1s a maximum altitude climb constraint, and
wherein the tolerance threshold 1s a maximum trajectory
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angle relative to horizon, when passing the location dimen-
sion of the altitude climb constraint.

5. The method of claim 4 wherein the repeatedly calcu-
lating the set of subsequent climb models 1s further based on
successive aircrait energy levels with a thrust setting at
maximum thrust.

6. The method of claim 2, further comprising, upon
determining the updated climb profile does not satisiy the
altitude climb constraint, selecting a different deviation
point of the 1mitial climb profile.

7. The method of claim 1 wherein repeatedly calculating
the set of subsequent climb models 1includes calculating at
least a subset of: altitude, speed, time, distance traveled,
airspeed, or aircraft weight at each subsequent climb model.

8. The method of claim 1, further comprising upon
determining the updated climb profile satisfies the altitude
climb constraint, further determining that the updated climb
profile does not satisfy a subsequent altitude climb con-
straint 1n a set of altitude climb constraints, and repeating the
selecting, the calculating, and the determining until the
updated climb profile satisfies the set of altitude climb
constraints.

9. The method of claim 8 wherein the last of the set of
altitude climb constraints 1s a cruising altitude.

10. The method of claim 1 wherein each repeated calcu-
lating determines a variable thrust parameter value of the
respective climb model based on a mimimizing cost profile.

11. The method of claim 10 wherein the minimizing cost
profile 1s based on minimizing fuel consumption at each
successive climb model.

12. The method of claim 1 wherein selecting the deviation
point of the mitial climb profile turther includes selecting the
deviation point as close to the altitude climb constraint as
possible while still determining an updated climb profile that
satisfies the altitude climb constraint.

13. The method of claim 1 wherein determining the
updated climb profile satisfies the altitude constraint further
comprises satistying the altitude constraint within a prede-
termined horizontal distance.

14. The method of claim 13 wherein the predetermined
horizontal distance 1s within 1 kilometer of the altitude
constraint.

15. A system for determining a climb profile, the system
comprising:

memory storing an 1mtial climb profile defining a portion

of a tlight plan between takeoll and a cruise phase, and
an altitude climb constraint defining at least one alti-
tude limitation of the aircraft; and

a controller module configured to receive the 1nitial climb

profile and the altitude climb constraint, to determine
that the 1imitial climb profile does not satisty the altitude
climb constraint, to select a deviation point of the mitial
climb profile prior to the altitude climb constraint, to
repeatedly calculate a set of subsequent climb models
wherein each subsequent climb model of the set of
subsequent climb models starts from the deviation
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point and 1s based on successive aircrait energy levels,
to determine an updated climb profile based on the set
of subsequent climb models, wherein the set of subse-
quent models define different performance characteris-
tics of the aircraft, to determine the updated climb
profile satisfies the altitude climb constraint, and to
operate the aircrait in accordance with the updated
climb profile.
16. The system of claim 15 wherein the altitude climb
constraint further includes a location dimension, and
wherein the controller module 1s further configured to deter-
mine that the updated climb profile satisfies the altitude
climb constraint within a tolerance threshold.
17. The system of claim 16 wherein the altitude climb
constraint 1s a minimum altitude climb constraint and
wherein the tolerance threshold 1s a minimal trajectory angle
relative to horizon when passing the location dimension of
the altitude climb constraint.
18. A method of predicting a climb profile for an aircraft,
the method comprising:
recerving, by a controller module, an mitial climb profile
defining a portion of a flight plan for the aircrait
between a first altitude and a second altitude, and an
altitude climb constraint defining at least one altitude
limitation of the aircraft;
predicting, by the controller module, that the mnitial climb
profile does not satisty the altitude climb constraint;

selecting, by the controller module, a deviation point of
the initial climb profile prior to the altitude climb
constraint;

repeatedly calculating, by the controller module, a set of

subsequent climb models wherein each subsequent
climb model of the set of subsequent climb models
starts from the deviation point and 1s based on succes-
sive atrcralt energy levels, wherein the set of subse-
quent models define different performance characteris-
tics of the aircraft;

determining an updated climb profile based on the set of

subsequent climb models;

determining the updated climb profile satisfies the altitude

climb constraint; and

operating the aircrait in accordance with the updated

climb profile.

19. The method of claim 18 wherein the altitude climb
constraint further includes a location dimension, and
wherein determining the updated climb profile satisfies the
altitude climb constraint further comprises determining
when the updated climb profile satisfies the altitude climb
constraint within a tolerance threshold.

20. The method of claim 19 wherein the altitude climb
constraint 1s a maximum altitude climb constraint, and
wherein the tolerance threshold 1s a maximum trajectory
angle relative to horizon, when passing the location dimen-
sion of the altitude climb constraint.
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